In the present research, the simulation of the Nickel-base superalloy Inconel 718 fiber-laser drilling process with the thickness of 1mm is investigated through the Finite Element Method. In order to specify the appropriate Gaussian distribution of laser beam, the results of an experimental research on glass laser drilling were simulated using three types of Gaussian distribution. The DFLUX subroutine was used to implement the laser heat sources of the models using the Fortran language. After the appropriate Gaussian distribution was chosen, the model was validated with the experimental results of the Nickel-base superalloy Inconel 718 laser drilling process. The negligible error percentage among the experimental and simulation results demonstrates the high accuracy of this model. The experiments were performed based on the Response Surface Methodology (RSM) as a statistical design of experiment (DOE) approach to investigate the influence of process parameters on the responses, obtaining the mathematical regressions and predicting the new results. Four parameters i.e. laser pulse frequency (150 to 550 Hz), laser power (200 to 500 watts), laser focal plane position (-0.5 to +0.5 mm) and the duty cycle (30 to 70%) were considered to be the input variables in 5 levels and four external parameters i.e. the hole's entrance and exit diameters, hole taper angle and the weight of mass removed from the hole, were observed to be the process output responses of this central composite design. By performing the statistical analysis, the input and output parameters were found to have a direct relation with each other. By an increase in each of the input variables, the entrance and exit hole diameters, the hole taper angel, and the weight of mass removed from the hole increase. Finally, the results of the conducted simulations and statistical analyses having been used, the laser drilling process was optimized by means of the desire ability approach. Good agreement between the simulated and the optimization results revealed that the model would be appropriate for laser drilling process numerical simulation.
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INTRODUCTION
One of the basic industry requirements is creating the holes in micron dimensions. So, the laser is taken to be a very useful tool for this object. The use of lasers in machining is getting extensive acceptance, especially in the sheet metal industry due to its low processing cost and high precision conferred by laser. Laser drilling is one of the significant laser machining methods, with an extensive range of applications and several types of processing objects. Laser drilling relies on melting and evaporating the material. The focused laser beam heats the material to the melting point. The arising melt is removed by a gas jet. Furthermore, the laser beam can heat the material to the evaporation point and the resulting material vapor escapes out of the hole. At this time, steam is formed and released; the waste comes out of the cavity and the molten walls around the cavity are formed (Parandoush et al., 2014 , Jay Tu et al., 2014 , Dubey et al., 2008 Ghoreishi and Nakhjavani (Ghoreishi et al., 2008 ) studied an ANN-based process model to find the relation between process parameters (pulse frequency, power, pulse width, number of pulses, assist gas pressure, and focal plane position (FPP)) and output parameters (hole entrance and exit diameters, circularity of hole entrance and hole exit, hole taper) of laser beam percussion drilling (LBPD) using the experimental results. Pulsed Nd:YAG laser source was used to drill the 304 steel sheets with the thickness of 2.5 mm. Ganguly et al. ( Ganguly et al. 2012 ) optimized the laser microdrilling parameters (power, pulse frequency pulse width and air pressure) for the concurrent optimization of multi quality parameters (hole taper and width of HAZ) through the laser micro-drilling of 1mm thick zirconium oxide ceramic by grey relation analysis. Biswas et al. used an ANN-based model of laser drilling of 0.496 mm thick titanium nitride-alumina (TiN-Al2O3) composite to investigate the effect of input variables (pulse frequency, lamp current , pulse width, assist gas pressure and focal length) on output parameters (circularity at entrance hole and exit hole, hole taper). Mathematical model for laser drilling process, which calculated the effect of laser absorption by the metal vapor in the keyhole, was investigated by Solana et al. (Solana et al., 1998) . They used this model to simulate the hole, and the data were in good agreement with experimental results. A 2D axisymmetric FEM model was used to analyze the process of melting and resolidification through laser drilling, using Volume of Fluid (VOF) method to track the surface of workpiece by , Ram et al., 1994 . The effects of the laser power on the hole entrance diameter of the 10.0 mm thick alumina ceramic was surveyed using pulsed Nd:YAG laser in the study of Kacar et al.( Kacar et al., 2009 ). The hole entrance diameter and laser power were detected to have a direct relation. Hanon et al. (Hanon et al., 2012) compared the experimental and simulation data of laser drillings of 5 and 10.5 mm thick alumina ceramics using a Nd:YAG laser of 600 W. They found that peak power and duty cycle can be used effectively to change the crater depth without formation of any defects. Yinzhou et al. (Yinzhou et al., 2012 ) used a 2D axisymmetric FEM thermal model to predict the spatter statement and HAZ during LBPD of 4.4mm thick alumina ceramics using a CO2 laser. It was derived that spatter deposition chiefly depends on the power and duty cycle of the laser.
In this research, at the first step, an appropriate Gaussian distribution to simulate the laser drilling process was chosen. In this phase, the parameters i.e. the depth of the holes and the speed of laser drilling were selected as the process responses. In order to validate the chosen thermal model, the results of the experimental process of Ni-base superalloy Inconel 718 fiber laser drilling and simulation were compared through the Finite Element Method. In order to survey the influence of the input laser process parameters-laser power, laser pulse frequency, the duty cycle, and the laser focal plane position on four output responses, the entrance and exit hole diameter, the hole taper angle, and the weight of mass removed from the hole, experiments were designed through the RSM method, and the statistical analysis was performed through the Minitab 17 software. In the last step of research, with the process optimized through the desire ability approach, the optimal parameters of the process were obtained and compared with the simulated result.
FINITE ELEMENTS SIMULATION

Governing Equations and the Boundary Conditions
In laser drilling process, there are plenty of complexities such as the immediate change of phase, high temperature gradient and the plasma producing. To simulate this process, the model being used is required to transform into a more simple form in comparison to the real form of the process. In order to perform the simulations, the following hypotheses have been taken into consideration: 1. The model is considered in a homogenous form. 2. The plasma creation and multiple reflections inside the hole were ignored. 3. Shockwave production was negligible. 4. Energy absorption through molten material was ignored. 5. The heat transfer within the melt pool was ignored 6. The material properties were considered as the temperature-dependent. The overall analysis form of laser drilling process through Finite Element Method is shown in Figure 1 . The analyses conducted in this research have merely been the thermal analyses, aimed to obtain the element temperature in different nodes and times. The temperature in different points depends on input heat and the material thermal properties. According to the Fourier's law, the :
where ρ(T) is the temperature-dependent density; C(T) is the temperature-dependent special heat and the K(T) is the temperature-dependent heat transfer coefficient. The mentioned properties for the homogenous materials are constant in all direction, and the used materials in this research are homogenous.
The initial temperature of the model is assumed to be equal to the ambient temperature, T0. So, T(r, z, 0) =T_0. On the t=0, the input energy to the material is equal to the input temperature. According to Equation (1) and by applying the initial conditions, the governing thermal boundary conditions of the mode are presented in equations 2-4. In Equations (2) to (4), τ is the pulse-on-time and tp is the total pulse time .
When 0 < t <τ:
Whenever τ < t < tp:
Whenever t > 0:
Each material at a temperature higher than its ambient temperature radiates energy. In the laser drilling, the material surface temperature faces severe changes. Therefore, radiation is considered to be a highly significant factor in this process. The heat flux radiated from substance's surface is expressed by the Stefan-Boltzmann law (Akarapu et al., 2004) :
where σ is the constant value of the Boltzmann equal to 5.67×10-8 , and ∈ is the radiation coefficient equal to 0.9. Furthermore, T_s and T_∞ are the material surface temperature and the ambient temperature, respectively. On the conducted simulations, the ambient temperature is given as 298 ° K.
To consider the losses of the heat as the result of the cooling jet-gas, the convective conductivity was assumed to be 200W/(m^2 k) . The convection heat flux by the Newton Cooling Law is expressed as Equation 6 (Akarapu et al., 2004) .
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In equation (6), A is the area of the object, h is the heat transfer coefficient, T_s is the material surface temperature and T_∞ is the ambient temperature which is given as 298 °K.
Simulation Method
Due to the circularity of the hole sections and also the laser beam, the process modeling can be performed in an axisymmetric form. The most outstanding benefit of axisymmetric modeling is the reduction of the number of elements and, consequently, the reduction of the problem-solving time. Figure 2 illuminates the ideal case in which a laser beam has been modeled as a heat source with Gaussian-distributed heat flux with suitable boundary conditions considering the axisymmetric model of the analysis. The simulations in this research have been performed through the ABAQUS software. The heat flux load was programmed in FORTRAN as DFLUX subroutine. In order to remove those elements the temperature of which has exceeded the evaporation point, the element death technique has been used.
Selecting an Appropriate Heat Source Model
Gaussian distribution is one of the closest distributions for the laser heat flux. To select the most appropriate Gaussian distribution for the laser heat flux in laser drilling process, the results of the experimental glass laser drilling process (Yi Zhang et al., 2013) were compared with those obtained from three types of simulations with different distributions. Table 1 shows the specifications of the used laser for glass laser drilling. In the first type of simulation, the distribution presented in Equation 7 has been used (Yi Zhang et al., 2013) .
Latin American Journal of Solids and Structures 14 (2017) 464-484
In Equation 7, P is the laser power, A is the absorption coefficient, ωm is the radius of the laser beam in the focal plane position, ω0 is the radius of the focal point, r is the radial distance from the laser axis, z is the perpendicular distance from the laser focal point, and f is the laser focal distance. Equation 8 has been used for the second type of simulation :
In Equation 8, A is the absorption coefficient, P is the laser power, R is the laser effective radius, r is the laser beam radius, L is the laser wavelength, d is the laser beam diameter and f is the laser focal distance.
In simulation type 3, Equation 9 has been used (Yiming Zhang et al., 2014) :
In Equation 9, the value of η is the material absorption coefficient, Q is the laser power, r_q is the laser beam radius, and r is radial distance from the laser beam axis.
The 8-node hexahedral elements, DCAX4, were used for the transient thermal analysis. 5 micrometers was chosen as the element optimal length by mesh sensitivity which has been carried out through the trial and error method.
The three types of simulation and experimental results of the glass drilling are presented in Table 2. Figures 3 and 4 illustrate depth of holes and drilling velocity of simulated and experimental results, respectively.
As 
EXPERIMENTAL PROCESS AND MODEL VERIFICATION
In order to verify the suggested model, Equation 8 presented in section 2.3, three laser drilling experimental tests were performed on the Nickel-base superalloy Inconel 718 with the thickness of one millimeter. The thermo-physical material properties incorporated in the experimental research are presented in Table 3 . Fiber laser with the 80-micrometer beam focus diameter was utilized in the experiments.
In the experiments, duty cycle was 50% and the laser focal plane position was equal to 1mm above the workpiece. The overall drilling time in all the three experiments was 0.1 seconds. Figure 5 depicts the experimental process. The experimental conditions are shown in Table 4 . Table 3 : Thermo-physical properties of Inconel 718 used in simulations (Mills 2002 ).
The geometry features of the entrance and exit hole diameters were measured using Axioskop 40 optical microscope at a magnification of 1000× and the images were exactly measured by the Visilog software. According to Figure 6 and Equation 10, by using the entrance and exit diameters, the value of the taper angle can be achieved. Where the (dentrance) is entrance hole diameter, (dexit) is exit hole diameter, and t is the thickness of the material.
Simulation procedure in this step is the same as the one presented in Section 2-3. Low error values yielded by the present model, illustrated in Table4, can guarantee the suitability and logics of the modeling assumptions in this study. Inaccuracy in measuring the entrance and exit diameters in experimental tests, difference between the theoretical and real values of the experimental input parameters such as laser beam radius, laser absorption coefficient and material temperature-dependent properties could be the reasons of variation between the software and experimental results. Figure 7 depicts the final shape and temperature distribution of the hole after the simulation process is conducted and element death is performed, while Figure 8 illustrates a comparative image between the experimental and the simulation. 
EXPERIMENTAL DESIGN AND METHODOLOGY
Response Surface Methodology (RSM) is a set of statistical techniques and applied mathematics to investigate responses (output variables) affected by a number of independent variables (input variables).
In each experiment, changes in input variables are made to determine the cause of changes in the response variable (Montgomery 2009 ). The purpose is to find a relationship between outputs and inputs (responses and parameters) with a minimum error in the form of a mathematical model. Depending on the type of input variable parameters, there are, in general, different ways to design an experiment.
The Response Surface Methodology, RSM, is considered to be a set of mathematical and statistical techniques useful for modeling and predicting the desired response (Mahmoud Moradi et al., 2011 . Also, the RSM specifies the relationships between one or more measured responses and the essential controllable input factors (Mahmoud .
In the present study, Response Surface Methodology is chosen as the method of design. When all the independent variables are capable of being measured and controlled during an experiment, the response surface is to be expressed as a function through Equation 11. Y= f(x1, x2, x3,….., xk)
Here, "k" is the number of independent variables. It seems essential to find a rational function to relate the independent variables to the responses. Therefore, a quadratic polynomial function presented in Equation 12 is usually applied in response surface methodology.
(12)
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In the above equation, β is constant, βi is linear coefficient, βii is coefficient of quadratic, βij is interaction coefficient and ε is the error of the parameters of regression (Mahmoud Moradi et al., 2013) . In the present study, after model validation, laser pulse frequency, the duty cycle, the laser power and laser focal plane position were considered to be independent input parameters. Table 5 shows four input variables of the experiment, coded values and actual values of their surfaces. The focal plane position, FPP, was considered as zero when set on upper material surface. Above or below the upper surface, the FPP was considered as positive or negative, respectively. Schematic diagram of FPP is illustrated in Figure 9 . In the present study, in order to perform the simulation tests, central composite design (CCD), five-level RSM design with four parameters, presented in Table 6 , was applied. This plan includes sixteen experiments as factorial points in cubic vertex, eight experiments as axial points and one experiment in the cubic center as center point experiment, meaning a total of 25 experiments have been designed.
The designed experiments have been performed on the Nickel-base superalloy Inconel 718with the thickness of 1mm. Initial temperature of 298 ° K, the convection coefficient of 20W/(m^2 k) and the radiation coefficient equal to 0.9 were considered as the thermal boundary conditions. The interaction time of laser with material is taken to be 0.1 s. The design matrix of the experiments and the obtained results are shown in Table 5 . 
RESULTS AND DISCUSSION
The results of measuring the entrance and exit hole diameters, hole taper and weight of removed material were considered as the responses of the experiment. Analysis of variance (ANOVA) was employed in order to investigate significant effective parameters on laser drilling simulation process and to interpret the effect of the results by using Minitab17 statistical software. The results show that by controlling the input process parameters, the proper responses could be achieved. In this analysis, full quadratic polynomial function was used.
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Entrance Hole Diameter:
In the analysis of variance tables, the P-value expresses the response sensitivity to the input parameters, and by a decrease in P-value the sensitivity increases. So, in the concept of statistical modeling, the lower the P-value, the more influential the effect. When the P-value in the analyses of variances is less than 0.05, the term is distinguished as significant (Ghoreishi et al., 2002) . According to the results of analysis of variance on the entrance hole diameter, Table 7 , all the main effects of four input parameters; laser power (P), laser pulse frequency (F), duty cycle (D), and the laser focal plane position (FPP) have respectively the highest influences on the diameter of the entrance hole, and all were identified as the effective linear terms. But none of the quadratic and interaction terms were identified as the significant terms. The regression equation obtained is evaluated as significant and Lack-of-Fit as insignificant. In the best analysis, regression is significant and Lack-of-Fit insignificant. Therefore, according to the analysis, the final regression in terms of coded parameter values yields in Equation (13). Din = 428.80 + 27.92 F + 59.58 P + 24.58 FPP + 27.92 D
An increase in the laser pulse frequency, the laser power and the duty cycle causes an increase in the amount of the thermal flux absorbed by the material and, as a result, it causes an increase in entrance hole diameter. Figures 10 and 11 As shown in Figure 10 , by an increase in laser pulse frequency and laser power, entrance hole diameter increases. These two parameters (laser pulse frequency and laser power) having increased simultaneously, the pulses applied to the material surface will impact the workpiece with shorter interval and higher energy, which results in receiving more heat by the surface and as a result the substance melts down more thus entrance hole diameter increases.
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Figure 10: The entrance hole diameter response surface in terms of laser power (P) and laser pulse frequency (F). As it is obvious in Figure 11 , an increase in the laser duty cycle (D), and the laser focal plane position (FPP) causes an increase in diameter of the entrance hole. Due to the higher duty cycle, pulse energy increases per pulse, and increase in the average laser power increases the accumulation of heat input on the workpiece. And, also with an increase in the laser focal plane position, the focal point is formed at the top surface of the workpiece and the diameter of the applied laser beam at the interaction point with the workpiece surface increases, see Figure 9 . Consequently, this will cause an increase in the area affected by the laser heat and subsequently the entrance hole diameter increases.
5.2 Exit Hole Diameter: Table 8 shows analysis of variance for the diameter of the exit hole. As shown in Table 8 , all main parameters are considered as significant terms and none of the other interaction and quadratic terms are significant. As Table 8 indicates, Lack-of-Fit was determined as insignificant and it shows that a suitable analysis has been performed. Considering the P-Value, laser power, laser pulse frequency, laser duty cycle and the laser focal plane position have the highest influence on the exit hole diameter.
According to the performed analysis in ANOVA An increase in the experiment input parameters causes the higher heat absorption at the surface of workpiece, and then the absorbed heat penetrates into the depth of the workpiece resulting in an increase in the lower workpiece surface temperature and consequently causes an increase in the exit hole diameter. 
Hole Taper
Increasing the laser pulse frequency, the laser power and the laser focal plane position leads to an increase in the entrance and exit hole diameters. Taking into consideration that the increase in the diameter of the entrance hole is more than the increase in the exit hole diameter, the taper angle of the hole increases. The increase in duty cycle results in an equal increase in the entrance and exit hole diameters, therefore the hole taper angle does not change a lot by varying the duty cycle.
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Consequently, the duty cycle parameter can be defined as an insignificant parameter on the hole taper angle degree, as the statistical analysis confirm it. Figure 12 illustrates the effects of the laser pulse frequency and the laser power on the hole taper angle. As shown in Figure 12 , the laser power and the laser pulse frequency having increased, the hole taper angle will increase, the reason of which is the increase in the entrance and exit hole diameters in unequal proportions. Table 10 shows variance analysis of the weight of removed material. As shown in Table 10 , all main parameters are considered as significant terms and none of the other interaction and quadratic terms are significant. According to the performed statistical analysis it becomes clear that the laser power, the duty cycle, the laser focal plane position and the laser pulse frequency have the highest Due to an increase in the input process parameters, the amount of input heat energy absorbed by the workpiece surface increases resulting in melting down more material. Subsequently, the hole dimensions get larger and also the weight of material removed from the hole increases, too.
Weight of Removed Material
OPTIMIZATION
By statistical analysis of data obtained from simulation tests, regression equations explain logical relations between input variables and responses. The response optimizer option within the DOE module of Minitab 17 statistical software package has been used here to optimize input parametric combinations resulting in the most desirable compromise between different responses using desirability function (Saeed Assarzadeh et al., 2015) . Table 11 summarizes criterions in order to optimize process parameters. Minimum hole taper and minimum entrance hole diameter are the criteria of the optimization. The reason of not considering the exit hole diameter and the weight of removed material in optimization criteria is that these two responses are dependent on the entrance hole diameter and the extent of taper angle. Whenever the entrance hole diameter and the taper angle are optimized, the exit hole diameter and the weight of removed material will be in an optimized condition, too.
In the optimization procedure presented in Table 11 , the weight values of the responses are mentioned. Figure 13 shows the visual representation of the optimization result. The optimization plot displays the effect of each parameter (columns) on the response or composite desirability (rows). Moreover, each cell presents how the response varies as a function of one of the input process parameters while the other parameters are kept fixed. Also, the vertical lines inside the cells show current optimal parametric settings whereas the spotted horizontal lines denote the current response values. The most important part is the optimal parameter settings required to realize the process criteria, located at the middle row between the high and low row, symbolized by "cur" and Latin American Journal of Solids and Structures 14 (2017) 464-484 expressed in coded procedure. As it can be seen in Figure 13 , all input parameters should be on -2 level, the least value of each parameter, to create an optimized hole. Verification simulation was performed at the obtained optimal input parametric setting to compare the actual entrance and exit hole diameter and hole taper with those as optimal responses obtained from optimization. 
CONCLUSIONS
In the present study, the process of laser percussion drilling was simulated using finite element method. The data obtained from the simulated tests were analyzed through DOE. Regarding the performed simulations and statistical analyses, the following conclusions can be drawn: 1. Utilizing all the variable parameters of the laser in Gaussian distribution, such as the wavelength, M2 parameters and the laser focal plane position, is necessary. 2. By an increase in the laser power, the laser pulse frequency, the laser duty cycle and the laser focal plane position, the entrance and exit hole diameters, the hole taper angle and the extent of the weight of material removed from the hole are increased. 3. The laser duty cycle effect on the extent of the hole taper angle was insignificant statistically. 4. By performing optimization process, using desirability approach, the minimum level of each parameter can be described as the optimum setting of the laser drilling simulation process.
